Protein ubiquitination is a very diverse post-translational modification leading to protein degradation 13 or delocalization, or altering protein activity. In Arabidopsis thaliana, two E3 ligases, BIG BROTHER (BB) 14
Introduction 24
Ubiquitination plays a prominent role in the signaling cascades of many plant hormones (Santner and 25 Estelle, 2010), such as auxins (Salehin et al., 2015) , jasmonates (Nagels Durand et al., 2016), 26
gibberellins (Wang and Deng, 2011) , and strigolactones (Marzec, 2016) , but also in many plant 27 developmental processes and responses to stress (Shu and Yang, 2017) . Therefore, a very tight control 28 of this process and a high substrate specificity, which is mainly determined by the E3 ubiquitin ligases 29 (Shu and Yang, 2017) , are required. The tremendous diversity of the ubiquitination system and its 30 potential in post-translational regulation are illustrated by the presence of more than 1400 genes that 31 encode E3 ligases in Arabidopsis (Vierstra, 2009 ). Furthermore, there is a high diversity of 32 ubiquitination types and combinations with other post-translational modifications (PTMs) (Callis, 33 2014; Swatek and Komander, 2016) , as well as of the fate of the ubiquitinated protein, such as 34 degradation, delocalization or changes in activity (Swatek and Komander, 2016) . 35 In contrast to the more intensively studied action of E3 ligases, insights into the specific roles 36 of deubiquitination enzymes (DUBs) in plant growth and development are only recently emerging. 37
DUBs can generate free ubiquitin from tandem-linear repeats (Callis et al., 1995; Callis et al., 1990) , 38 are able to trim ubiquitin chains by hydrolyzing the isopeptide bond between ubiquitin molecules, and 39 they can remove covalently bound ubiquitin from proteins (Komander et al., 2009 ). The Arabidopsis 40 genome codes for around 50 DUBs. As in yeast and mammals, they can be divided into five classes: the 41 ubiquitin C-terminal hydrolases (UHCs), JAB1/MPN/MOV34 (JAMM) domain DUBs that are zinc 42 metalloproteases, ovarian tumor proteases, the Machado-Josephin domain (MJD) DUBs, and the 43 ubiquitin binding proteins (UBPs), which is the largest group (Isono and Nagel, 2014) . All UBPs contain 44 specific catalytic Cys-and His-boxes, which are highly conserved in both sequence and length (Zhou et 45 al., 2017) . Based on their sequence homology and protein domain organization, these 27 members can 46 be further divided into 14 subfamilies (Yan et al., 2000) . UBP12 and UBP13 are the largest UBPs and 47 contain a unique meprin and TRAF homology (MATH) domain. They were first reported to be functional 48 deubiquitinating enzymes that negatively regulate plant immunity (Ewan et al., 2011) . Since then, both 49
proteins have been described to be involved in diverse molecular pathways. Mutations in UBP12 and 50
UBP13 result in early flowering and a decreased periodicity of circadian rhythm (Cui et al., 2013) . 51 Molecularly, GIGANTEA (GI) recruits UBP12 and UBP13 to the ZEITLUPE (ZTL) photoreceptor complex, 52
which antagonizes the E3 ligase activity of ZTL and hereby stabilizes GI, ZTL and TOC1 [TIMING OF CAB 53
(CHLOROPHYLL A/B-BINDING PROTEIN EXPRESSION) 1] protein levels (Lee et al., 2019) . In addition, 54
UBP12 and UBP13 can regulate the expression of several genes by deubiquitinating ubiquitinated H2A 55 (H2Aub) upon associating with LIKE HETEROCHROMATIN PROTEIN 1, a plant-specific polycomb group 56 (PcG) protein (Derkacheva et al., 2016) . Polyubiquitination of MYC2 by the PUB10 E3 ligase can be 57 counteracted by UBP12 and UBP13, preventing degradation of MYC2 by the 26S proteasome which 58 then activates jasmonic acid signaling (Jeong et al., 2017) . In a similar manner, ROOT GROWTH FACTOR 59 RECEPTOR 1 (RGFR1) and ORESARA 1 (ORE1) are deubiquitinated and therefore stabilized by UBP12 60 and UBP13, leading to an increased sensitivity of roots to the RGF1 peptide hormone (An et al., 2018) 61 and an acceleration in leaf senescence (Park et al., 2019) , respectively. 62
Mutations in UBP12 or UBP13 decrease rosette leaf number and double mutants display 63 severe developmental defects (Cui et al., 2013) . However, a direct link between these deubiquitinating 64 enzymes and leaf growth and development remained unclear. Here, we found that UBP12 and UBP13 65 interact with DA1, DAR1 and DAR2 in vivo. DA1 
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90
DA1, DAR1 and DAR2 interact with UBP12 and UBP13 in vivo 91
Genetic modifier screens previously identified several interactors of DA1 that either activate its 92 peptidase activity or are subjected to proteolytic cleavage by DA1. To gain further insights into the DA1 93 growth-regulatory pathway, we generated Arabidopsis lines that overexpressed GFP-tagged fusion 94 proteins of DA1, DAR1 and DAR2. Total protein extracts were isolated from eight-day-old seedlings and 95 incubated with anti-GFP beads to purify the bait proteins and their interactors. Label free 96 quantification identified a significant enrichment (p-value < 0.01) of the UBIQUITIN-SPECIFIC 97 PROTEASE 12 (UBP12) and UBP13 in the GFP-DA1 and GFP-DAR1 samples ( Figure 1A 3), we found a significant enrichment of UBP12 at a less stringent threshold (p-value < 0.05) and UBP13 101 at the border of significance ( Figure 1C , Figure 1 -source data 1). 102
Next, we measured the expression levels of DA1, DAR1, DAR2, UBP12 and UBP13 in isolated Taken together, UBP12 and UBP13 are co-expressed during leaf development and interact with DA1, 108 DAR1 and DAR2 in vivo. 109
Miss-expression of UBP12 and UBP13 alters leaf size 110
Because DA1, DAR1 and DAR2 are known to restrict plant organ growth, we examined the role of 111 UBP12 and UBP13 in regulating leaf size by generating several independent transgenic 35S::UBP12 and 112
35S::UBP13 lines. All overexpression lines showed a reduction in rosette area ( Figure 2A ). In addition, 113 leaves were more round than those of the Col-0, a phenotype which can also be observed in da1-1 114 plants, and the petioles were found to be shorter. For several 35S::UBP13 lines, we were unable to 115 produce stable seed stocks because the homozygous plants were stunted in growth ( Figure 2A ) and 116 failed to produce a flower stalk and seeds. We continued with two independent lines for further 117 phenotypic analysis: two homozygous UBP12 lines (35S::UBP12_3.1 and 35S::UBP12_3.2) and two 118
UBP13 lines from which heterozygous plants were selected (35S::UBP13_1.1 and 35S::UBP13_2.3) 119
( Figure 2A ). These lines all had a significant increase in their respective transgene expression compared 120
to Col-0 (Figure 2-figure supplement 1). 121
In parallel, we screened two independent UBP12 T-DNA insertion lines [ubp12-1 122 (GABI_244E11) and ubp12-2 (GABI_742C10)] and three independent UBP13 T-DNA lines [ubp13-1 123 (SALK_128312), ubp13-2 (SALK_024054) and ubp13-3 (SALK_132368)]. After leaf area measurements, 124
we could observe a decrease in leaf area in the ubp12-2 mutants ( Figure 2B ), in which the levels of 125 both UBP12 and UBP13 transcripts were previously shown to be downregulated (Cui et al., 2013) . 126 Mutant lines in which only the expression of either UBP12 or UBP13 was downregulated, displayed no 127 differences in leaf size compared to the control (Figure 2-figure supplement 2-5). 128
The final leaf size is determined by cell proliferation and cell expansion. To identify which of 129 these processes were affected in the ubp12-2 mutant and in the UBP12 and UBP13 overexpression 130 lines, we performed a cellular analysis on the abaxial pavement cells of mature leaves. In all 131 overexpression lines, the significant decrease in leaf area (29%, 26%, 33% and 36% for 35S::UBP12_3. 35S::UBP13_2.3, respectively), whereas the decrease in ubp12-2 leaf size (32%) resulted from a 135 reduction in cell area (21%) and cell number (11%) ( Figure 2C ). Remarkably, besides a general decrease 136 in pavement cell area, we could observe a larger proportion of very small cells in the UBP12 and than those of the Col-0 (43%) and a significantly lower amount of 4C cells (44% and 52%, respectively). 152
At 15 DAS, the amount of 8C nuclei was significantly lower in 35S::UBP12 (28%) than in the control 153 (35%) ( Figure 3A ). Similar, but more pronounced observations were found in 35S::UBP13 leaves, in 154 which a significantly higher amount of 2C cells was detected at 12 DAS (61%) and 15 DAS (42%) 155 compared to Col-0 (43% and 25%, respectively). In addition, a lower level of 4C cells was found at 12 156 DAS (35% in 35S::UBP13, 52% in Col-0) and fewer cells with 8C were present at 15, 18, 21 and 27 DAS 157 in 35S::UBP13 (22%, 33%, 35% and 35%, respectively) compared to Col-0 (35%, 42%, 42% and 46%, 158 respectively) ( Figure 3A ). An alternative way to illustrate endoreduplication levels is the 159 endoreduplication index, representing the average amount of endocycles a nucleus underwent. 160
Generally, slightly lower endoreduplication levels could be observed in HIS-DA2 was purified as the E3 ligase. The ubiquitinated peptidases were incubated with equal 191 amounts of either GST-UBP12, GST-UBP12 C208S , GST-UBP13 or GST-UBP13 C207S . Figure and GST-UBP24. We found again that both GST-UBP12 and GST-UBP13 could strongly deubiquitinate 203
HIS-MBP-DA1, but no such effect could be observed upon addition of GST-UBP3, GST-UBP15 or GST-204 UBP24 ( Figure 4D ). These experiments demonstrate the deubiquitination specificity by UBP12 and 205 UBP13. 206
UBP12 and UBP13 are no substrates of the activated DA1 207
Our observation that UBP12 and UBP13 can deubiquitinate DA1, DAR1 and DAR2 suggests they work 208 upstream in this growth-regulatory pathway. Considering the peptidase activity of DA1, DAR1 and 209 DAR2, we tested whether these deubiquitinating enzymes could in their turn be substrates. For this 210 purpose, we incubated GST-UBP12, GST-UBP12 C208S , GST-UBP13 and GST-UBP13 C207S with 211 ubiquitinated HIS-MBP-DA1 or the peptidase-deficient HIS-MBP-DA1 H418A,H422A (Dong et al., 2017) . The 212
catalytic UBP mutants were added to the assay because they are unable to deubiquitinate DA1 ( Figure  213 4A) and, hence, are longer exposed to the activated peptidase. However, after 4 h of incubation, the 214
intensities of all GST-tagged UBP proteins were equal and no additional cleaving fragments could be 215 observed in the HIS-MBP-DA1 samples compared to those with HIS-MBP-DA1 H418A,H422A ( Figure 5A ). 216 Similar results were observed in the reactions in which the catalytic mutants of UBP12 or UBP13 were 217 incubated with ubiquitinated HIS-MBP-DA1 or HIS-MBP-DA1 H418A,H422A ( Figure 5A ). 218
Previously, it has been demonstrated that the dwarfed phenotype of strong BB overexpression 219 lines could largely be rescued by ectopic co-expression of DA1, as a result of cleavage and 220 destabilization of BB proteins (Dong et al., 2017) . Similarly, we generated double overexpression lines 221 of 35S::GFP-DA1 and 35S::UBP12 or 35S::UBP13 ( Figure 5-figure supplement 1) . Compared to the Col-222 0, leaf areas were reduced in 35S::GFP-DA1 ( Figure 5B ), as described before (Vanhaeren et al., 2017) . 223
In all double overexpression lines, we could observe similar phenotypes as in the 35S::UBP12 and 224
35S::UBP13 lines in the Col-0 background (Figure 2A ), suggesting that the UBP12 35S::UBP12 and 35S::UBP13 plants were strongly reduced in growth in a similar manner as 260 da1ko_dar1-1_dar2-1 triple mutants (Peng et al., 2015) . A more detailed cellular and molecular 261 analysis of 35S::UBP12 and 35S::UBP13 leaves revealed more parallels, such as a strong reduction in 262 cell area and a decrease in ploidy levels at the early stages of leaf development, which were also 263 observed in da1ko_dar1-1_dar2-1 plants (Peng et al., 2015) . The complete absence of DA1, DAR1 and 264 DAR2 proteins in da1ko_dar1-1_dar2-1 plants could however explain its stronger reduction in 265 endoreduplication than that of UBP12 and UBP13 overexpression lines, in which ubiquitination of DA1, 266 DAR1 and DAR2 can still occur, but is likely kept at a very low level. In addition, several markers of cell 267 proliferation were found to be more highly expressed in In wild-type conditions, a correct balance between inactive and active (ubiquitinated) DA1, 273 DAR1 and DAR2 results in an intact exit from mitosis in leaf cells and standard ploidy levels, which leads 274
to normal plant growth ( Figure 6A ). High levels of UBP12 or UBP13 can however shift the balance to 275 inactivated DA1, DAR1 and DAR2, which results in a delayed endoreduplication, a severe reduction in 276 cell size and stunted plant growth ( Figure 6B ). Low levels of UBP12 and UBP13 will on the other hand 277 lead to an increase in activated DA1, DAR1 and DAR2 levels and limit plant growth by reducing both 278 cell area and cell number ( Figure 6C seeds were stratified in the dark for 2 days at 4°C before being placed in the respective growth rooms. 312
Each quantitative experiment was performed in at least three independent biological repeats, meaning 313 they were sown and harvested at a different time. All genotyping and cloning primers that were used 314 in this study are listed in Supplementary Table 1 . 315
Leaf measurements and cellular analysis 316
Leaves were dissected from the rosette and placed on a square plate containing 1% agar. The plants 317
were imaged and the leaf area was analyzed using ImageJ v1.45 (NIH; http://rsb.info.nih.gov/ij/). For 318 the cellular analysis, samples of leaf 3 (overexpression lines) and leaf 5 (ubp12-2) were cleared in 70% 319 ethanol and mounted in lactic acid on a microscope slide. The total leaf blade area was measured for 320 at least ten representative leaves under a dark-field binocular microscope. Abaxial epidermal cells at 321 the center of the leaf blade, avoiding major veins, were drawn with a microscope equipped with 322 differential interference contrast optics (DM LB with 403 and 633 objectives; Leica) and a drawing tube 323 for at least 3 leaves. Photographs of leaves and scanned cell drawings were used to measure leaf and 324 individual cell area, respectively, as described by Andriankaja et al. (2012) . The statistical analysis of 325 the cellular data was performed in R 3.5.2 (www.r-project.org). 326
In vitro deubiquitination and cleaving assays 327
The coding sequences of UBP3, UBP12, UBP13, UBP15 and UBP24 were inserted in the pDEST15 328 (Thermofisher) destination vector using Gateway cloning to generate GST-UBP3, GST-UBP12, GST-329
GST-UBP13, GST-UBP15 and GST-UBP24. The coding sequences of DA1, DAR1 and DAR2 were cloned 330 into pDEST-HIS-MBP using Gateway cloning to generate HIS-MBP-DA1, HIS-MBP-DAR1 and HIS-MBP-331
DAR2. The HIS-DA2 (pET24a) construct was kindly provided by Dr. Michael Bevan (JIC, Norwich, UK). 332
To generate the respective catalytic mutants, we performed site-directed mutagenesis on the entry 333 clones of the respective genes by performing a PCR with primers containing the mutation. After the 334 PCR, 5 µl of Buffer B and 1 µl of DpnI (Promega) were added to each reaction. After an overnight 335 incubation, competent DH5α E. coli cells were transformed and the presence of the mutation was 336 checked by sequencing. All expression vectors were transformed into competent BL21 (DE3) E. coli 337 cells. For each protein, the optimal conditions to obtain sufficient soluble proteins were determined 338
( Supplementary Table 2 ). GST-tagged proteins were purified from the bacterial lysate with Glutathione 339
Sepharose 4B beads (GE Healthcare, 17075601) and HIS-tagged proteins with NI-NTA agarose beads 340 (QIAGEN, 30210). Purified proteins were loaded on 4-15% Mini-PROTEAN® TGX™ Precast Protein Gels 341 (Biorad, 4561083DC), stained overnight with Instant Blue (Sigma-Aldrich, ISB1L-1L) and quantified 342 using a BSA standard curve in Image Lab (Biorad). The ubiquitination of DA1, DAR1 and DAR2 and the 343 cleaving assays were performed as described before (Dong et al., 2017) . After the ubiquitination step, 344 a 1:1 ratio of deubiquitinating enzymes to the ubiquitinated proteins were added and the reaction mix 345 was incubated for 4 h at 30°C. Reactions were stopped by adding 5x SDS sample buffer and boiled for 346 ten min at 90°C. The samples were loaded on 4-15% or 7.5% Mini-PROTEAN® TGX™ Precast Protein 347 Gels (Biorad, 4561083DC). The proteins in the gels were transferred to a PVDF membrane using Trans-348 blot turbo transfer packs (Biorad, 170-4156) and the membranes were incubated overnight in a 3% 349 skimmed milk (Difco) 1x TBST solution. After blocking, GST-tagged proteins were detected with Anti-350
GST HRP Conjugate (Sigma-Aldrich, GERPN1236) and MBP-tagged proteins with Anti-MBP Monoclonal 351
Antibody (Biolabs, E8030S) and subsequently with a secondary Rabbit IgG HRP Linked antibody (Sigma-352 Aldrich, NA934v). The antibodies were used following the manufacturer's instructions. 353
RNA extraction, cDNA preparation and q-RT-PCR 354
Total RNA was extracted from flash-frozen seedlings or isolated leaves with TRIzol reagent (Invitrogen Table 1 ). Data analysis was 363 performed using the ΔΔCT method (Pfaffl, 2001) , taking the primer efficiency into account. The 364 expression data was normalized using three reference genes (AT1G13320, AT2G32170, and 365 AT2G28390) according to the GeNorm algorithm (Vandesompele et al., 2002) . The statistical analysis 366 (ANOVA, Dunnett's test) was performed in GraphPad Prism 8.1 (www.graphpad.com). 367
Flow cytometry 368
The first leaf pair was harvested from 9 to 27 DAS with a three-day interval and frozen in liquid supplemented with 4.5 µl benzonase and incubated for 30 min at 4°C. Then, the samples were further 378 mixed three times for 30 s at 18,000 rpm using Ultra-TURRAX miniprobes (IKA). Subsequently, the 379 mixtures were incubated for 30 min at 4°C on an end-over-end rotor. After incubation, the cellular 380 debris was pelleted by two centrifugation steps at 14,000 rpm at 4°C in an Eppendorf centrifuge and 381 further withheld by a 0.45-μm filter (Sartorius). The protein content was measured (OD 595) using a 382
Bradford (Biorad) standard curve and equal amounts of proteins were incubated with 50 μl pre-383
washed anti-GFP-beads (μMacs, Miltenyi Biotec) for 1 h at 4°C in an end-over-end shaker. To isolate 384 the beads, the columns were placed in the magnetic holder and washed four times with 200 μl BHB+ 385 buffer and two times with 500 μl NH4HCO3 buffer. The purified proteins were eluted stepwise by 50 μl 386 95°C hot NH4HCO3 each time until no more beads pass through the column. Then, 4 μl Tryp/LysC mix 387 (Promega) was added and the proteins were digested on-bead for 4 h at 37°C with agitation (800 rpm) 388
on an Eppendorf thermomixer. The digested mix was loaded again on the μMacs column attached to 389 the magnetic holder to separate the eluate from beads. The eluate was collected in a new protein low 390
binding Eppendorf tube and additionally 2 μl Tryp/LysC was added for an overnight digestion at 37°C 391 with agitation (800 rpm) in an Eppendorf thermomixer. Finally, the samples were snap-frozen in liquid 392 nitrogen and freeze-dried in a Speedvac (Labconco). Protein identification and data analysis were 393 performed as described before (Van Leene et al., 2015) . 394
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